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Unipolar ingression is a common form of gastrulation in the phylum Cnidaria. Here, this process is examined in the
hydrozoan Phialidium. Ultrastructural investigation confirmed that, during this process, oral cells elongate, constricting at
their apical ends and/or expanding at their basal ends as they ingress. Marking studies show that most entodermal cells
originate from the oral area, but a few also come from lateral, aboral–lateral, and aboral areas. Based on orientation of mitotic
spindles during gastrulation, a few cells may also enter the entodermal region by delamination. Cell sorting experiments
showed that, by postgastrulation, cells from aboral areas of the preingression embryo developed lower adhesive capacities
than those from oral regions. Differences in adhesive capacity may allow maintenance of distinct cell layers. Postgastrulae
are shorter, thinner, and more streamlined than preingression embryos. Total embryo volume and cell volume decrease, the
blastocoel disappears, and 34.4% of the cell mass becomes entoderm. Activities of the ectodermal layer play an important
role in gastrulation: during gastrulation, aboral cells become more columnar and oral cells less columnar. Also, cells in oral
and oral–lateral regions shift toward the midline, causing oral portions of the embryo to elongate. A model of unipolar
ingression is proposed. © 2001 Elsevier Science
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Cnidarian.INTRODUCTION
One of the earliest morphogenetic processes in metazoan
development is the formation of distinct germ layers during
gastrulation. At this time, most animals form three layers:
ectoderm, mesoderm, and endoderm. Members of the phy-
lum Cnidaria, however, form only two layers: ectoderm and
entoderm. Despite the simplicity of their embryos, gastru-
lation occurs in a number of different ways in cnidarians
(Tardent, 1978). This paper describes and analyzes the
cellular basis for unipolar ingression, a common form of
gastrulation in the classes Scyphozoa and Hydrozoa.
Most previous observations of unipolar ingression were
made by using light microscopy or simple histological
techniques (Claus, 1883; Hamann, 1883; Rittenhouse, 1910;
Wietrzykowski, 1912; Bodo and Bouillon, 1968; Martin et
al., 1997). Many studies consisted of little more than
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All rights reserved.authors mentioning that the observed species gastrulated
by unipolar ingression.
The most complete account of unipolar ingression is by
Metschnikoff (1886). He found that, prior to gastrulation,
embryos preparing to undergo unipolar ingression form
elongate blastulae with thickened cells at the trailing (oral)
end. During gastrulation, cells at the thickened end indi-
vidually migrate into the blastocoel, progressively filling
this cavity with cells. These putative entodermal cells first
accumulate closest to the thickened end and continue to
migrate in from this area until the blastocoel is completely
occluded (see Fig. 1).
In this paper, unipolar ingression is characterized more
completely. Following a brief description of gastrulation in
Phialidium, four questions are addressed. These are:
How are entodermal cells produced and where do they
come from? First, embryos were examined to determine
whether cell shape changes occurred consistent with what
one would expect of ingressing cells; second, cell marking
experiments were performed to determine which cell popu-
lations enter the blastocoel during gastrulation; and, third,
mitotic spindle orientation in the external layer of the
627
628 C. A. Byrumembryo was examined to determine whether delamination
played a role in gastrulation.
Do the adhesive affinities of cells change over the course
of gastrulation? Tissues from one region of the embryo
were labeled, dissociated, and recombined with dissociated
cells from a different area to determine whether the cells
would sort out (Steinberg, 1962). This technique was used
(1) to determine whether aboral and oral cells differ in
adhesive affinities, and (2) to find out when differences arise
and how they change as development proceeds.
How does the shape of the embryo change during
gastrulation? Using embryos from stages preceding, dur-
ing, and at the end of gastrulation, measurements were
obtained to show how embryo shape changes throughout
gastrulation. Measurements included embryo length,
width, total volume, and cell volume. Entoderm volume
was also determined for postgastrulae.
How do putative ectodermal cells behave in Phialidium
during gastrulation? Apical–basal cell heights were mea-
sured in different regions of the embryo for different stages
of gastrulation. Also, to detect changes occurring on the
embryo surface during gastrulation, the shapes and sizes of
marked areas of the blastoderm were recorded in individu-
als at two stages: early ingression and postgastrulation.
These findings were used to build a model of how
gastrulation by unipolar ingression occurs.
MATERIALS AND METHODS
Biological Materials
Sexually mature medusae of Phialidium (Clytia) gregarium were
collected at Friday Harbor Marine Laboratory in Friday Harbor,
Washington from May to September. Medusae were spawned by
exposing them to light following 4 h of darkness. Embryos devel-
oped in pasteurized millipore filtered seawater (less than 50 em-
bryos per 35 3 10-mm petri dish) at 12°C until they reached the
desired age. When observing or manipulating embryos under the
dissecting microscope, a stage cooling device was used.
Transmission and Scanning Electron Microscopy
For transmission electron microscopy, embryos were fixed for
1 h at room temperature in 2.5% glutaraldehyde in 0.2 M Mil-
lonig’s phosphate buffer and 0.135 M NaCl, rinsed twice for 10 min
in phosphate buffer wash (0.2 M Millonig’s, 0.135 M NaCl), and
postfixed for 1 h in 1% osmium tetroxide (in 0.2 M Millonig’s
phosphate and 0.375 M NaCl). Tissues were then rinsed in phos-
phate buffer wash, dehydrated in an alcohol series, infiltrated using
propylene oxide, and embedded in Polybed 812. Thin sections were
obtained by using an ultramicrotome, stained with 6% uranyl
acetate and 0.4% lead citrate, and examined with a transmission
electron microscope at 60 kV.
For scanning electron microscopy, embryos were treated with
glutaraldehyde and osmium as described above. After exposure to
osmium, tissues were rinsed in phosphate buffer wash, dehydrated
to 70% alcohol, and stored until just before critical point drying (at
which time specimens were dehydrated to absolute ethanol).
Afterward, specimens were mounted on stubs by using carbon
© 2001 Elsevier Science. Aconductive tabs (Ted Pella, Inc., Redding, CA) and the blastocoel
space was exposed by gently touching two coated stubs together.
Finally, samples were sputter-coated with platinum to minimize
charging.
Cell Marking Experiments
To determine which cells of the preingression embryo form
entoderm, 16–32 cell embryos were microinjected with 1% DiI in
Wesson oil [DiIC18(3); Molecular Probes, Eugene, OR]. In these
embryos, the DiI bubble was always less than 1/8th the volume of
the injected cell. Embryos developed in darkness until mid to late
preingression, at which time live embryos were observed by using
a fluorescence microscope and distribution of the stained cells was
noted. When embryos later reached postgastrulation (29–33 h
postfertilization), distribution of the stain was checked again to
determine which area was aboral (the leading end of the swimming
embryo). After noting the location of stained cells, each specimen
was fixed in 4% paraformaldehyde in 0.1 M phosphate buffered
saline (10 min) and immediately evaluated using a Bio-Rad confocal
system. These experiments are subsequently referred to as the “cell
marking studies.”
To ascertain that DiI was not transferred to other cell lines, a
single cell was injected in a two-cell stage embryo. In all cases (n 5
3), only half of the cells in the blastula contained stain and dye was
not transferred to cells in the other half.
DiI was also used to mark 16–32 cell embryos when external cell
behavior was studied. Embryos were stained as described above and
were videotaped at late preingression and postgastrulation. The
location and distribution of marked areas were tracked over time in
each individual, and changes in mark shape and size were quanti-
fied. These experiments are the “cell behavior experiments.”
The Orientation of Mitotic Spindles during
Gastrulation
Embryos were fixed in cold 90% methanol with 50 mM EGTA
(pH 6.0) for 30 min. Fixed embryos were then washed three times
in phosphate-buffered saline (PBS) and blocked for 1 h using PBS
containing 1% bovine serum albumin (BSA). Next, they were
incubated with mouse monoclonal anti-b tubulin for 1.5 h, washed
three times with PBS, and blocked with PBS containing 1% BSA (1
h). They were then incubated in darkness in a secondary antibody
(0.21 mg/mL lissamine–rhodamine-conjugated goat anti-mouse
IgG and IgM antibody in 50% glycerol:50% PBS) for 1.5 h and
rinsed three times in PBS. Finally, embryos were dehydrated
through a graded ethanol series, cleared in methyl salicylate, and
mounted in Prolong (Molecular Probes). Longitudinal sections
through central portions of the embryo were analyzed by using
confocal microscopy.
Cell Sorting Experiments
Cell sorting experiments were done on embryos between the
blastula and early midingression stage. In each experiment, a single
clutch was utilized. Half of the embryos were stained with 0.002%
RITC (rhodamine isothiocyanate; Sigma, St. Louis, MO) in seawa-
ter and the other half remained unstained.
After staining, embryos were cut into thirds (or if not possible,
into halves). Stained oral thirds were placed in a dish with un-
stained aboral thirds (and vice versa). Cells were dissociated by
placing them in CaMg-free seawater with 1023 M EDTA (NaCl
ll rights reserved.
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water) for approximately 7 min. When it became apparent that cells
were beginning to dissociate, embryos were rinsed twice in normal
filtered pasteurized seawater. Cells were further separated by
pulling them into (and out of) a pipet which had a tip smaller than
the embryo, but larger than individual cells. If cells did not fully
dissociate from neighboring cells, the undissociated cells were
discarded.
Reaggregates of stained and unstained cells were made by
putting the dissociated cells into a 1.5-ml eppendorf tube coated
with agar and centrifuging at 200-3000 RPMs for 2 h at 12°C. After
centrifuging, reaggregates were cut into embryo-sized pieces and
allowed to develop until at least 28 hpf (postgastrulation). Live
FIG. 1. Stages of unipolar ingression in Phialidium gregarium. (A)
(22–23hpf, avg. length 5 236 mm); (C) Early midingression (23–24 h
238 mm); (E) Late ingression (25–26 hpf, avg. length 5 238 mm); (F) P
confocal images of living embryos.
FIG. 2. Cell shape changes. (A) SEM micrograph of an early ingress
cells with flask-like shapes. Scale bar, 20 mm. (B) TEM micrograph
nucleus; arrow, constricted apical area. Scale bar, 1 mm.
© 2001 Elsevier Science. Aaggregates were observed on the confocal and images were col-
lected from the center of the specimens.
When blastulae were used, it was necessary to determine where
the putative oral and aboral poles were. To do this, embryos were
marked with Nile Blue at the site where first cleavage begins. This
becomes the oral pole of the gastrulating embryo.
Morphometric Analysis
Images of embryos were collected to learn how embryo length,
width, total volume, cell volume, blastocoel volume, entoderm
volume (in a postgastrula), and apical–basal cell heights (aboral,
aboral–lateral, lateral, oral–lateral, and oral cell heights) change as
gression (16–21 hpf, average length 5 241 mm); (B) Early ingression
vg. length 5 241 mm); (D) Midingression (24–25 hpf, avg. length 5
strula (26–28 hpf, avg. length 5 219 mm). Drawings modified from
tage embryo broken to expose cells in the oral area. Arrows indicate
n ingressing cell in the oral area of a late preingression embryo. n,Prein
pf, aion s
of all rights reserved.
reing
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stained with RITC (as described above) and mounted in seawater
containing polypropylene oxide (to slow swimming). Then, a
medial longitudinal scan of the live embryo was acquired. Scans
were collected for preingression, early ingression, early midingres-
sion, midingression, late ingression, and postgastrula-stage em-
bryos.
Because each embryo could only be observed one time, the
datasets represent a statistical sampling of the entire population,
not sequential observations of the same individuals. Subsets from
a single spawning were sampled as development proceeded. This
was done for five different spawnings and the mean values for a
single stage were averaged for each spawning to obtain the values
reported here. It was not unusual for embryos from the same
spawning to differ in developmental rate. Because of this, staging
was based on a visual estimate of the amount of entoderm in the
blastocoel (Fig. 1).
To calculate volumes, images were processed on the computer
with Photoshop 5.0 and Mathematica 3.0. First, a line defining the
oral–aboral axis was drawn on the image to define left and right
halves of the embryo. All pixels comprising the embryo were made
white and background pixels were made black, allowing the
computer to detect edges. In Mathematica, the computer was
FIG. 3. In the cell marking experiments, a single cell was stained i
(diagram to the left indicates the different regions) and again at th
optical section through the center of the specimen. Numbers in low
cells from aboral or aboral–lateral areas of the preingression embry
area of the preingression embryo were marked, the resulting postg
entodermal cells were derived from the oral–lateral region of the pinstructed to move from the aboralmost point of the oral–aboral
axis to the oralmost point. At each pixel along the oral–aboral axis,
© 2001 Elsevier Science. Alength of the line perpendicular to the oral–aboral axis was mea-
sured. This length was then used as a radius measurement in the
equation for volume of a cylinder (volume 5 pr2 3 h, where r is
radius and h is cylinder height. In this study, h equaled 1 pixel.). By
adding the volumes generated at each point along the oral–aboral
axis, it was possible to estimate total embryo volume. Volume
estimates were done for both left and right halves of the embryo,
and these values were averaged. This method was also used to
determine blastocoel volume and postgastrula entoderm volume.
Total cell mass was calculated by subtracting blastocoel volume
from embryo volume, and percent entodermal mass was measured
by dividing postgastrula entodermal volume by embryo volume
and multiplying by 100.
Statistics
In both the first cell marking and the cell sorting experiments,
the G-Test of independence was used to determine significance and
Yates’ Correction was performed to ensure that significance was
not due to Type I error. In the morphometric study, differences
between embryos were tested for significance using two-factor
–32 cell embryos. The region marked was recorded at preingression
of gastrulation (images A–F). Each confocal image shows a single
ight corners indicate which area was stained at preingression. Few
ntributed to the entodermal mass (A–C). When cells from the oral
la usually contained many marked entodermal cells (E, F). Fewer
ression embryo (D). Scale bar, 100 mm.n 16
e end
er r
o co
astruANOVAs with replication.
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A Brief Description of Gastrulation in Phialidium
gregarium
In Phialidium embryos raised at 12°C, the blastula first
begins to elongate at approximately 15 hpf (hours postfer-
tilization). Within an hour, cells of the future oral pole
become more columnar, cilia form, and embryo shape
becomes more ellipsoidal. This stage is hereafter referred to
as the preingression stage (Fig. 1A). Superficially, little
change occurs over the next 5–6 h, however, cells prepare to
gastrulate and a few begin to enter the blastocoel by late
preingression (19–20 hpf).
By 21–22 hpf (early ingression) (Fig. 1B), cells begin to
accumulate in the blastocoel and, by 24–25 hpf (midingres-
sion), approximately half of the blastocoel space is filled
with cells (Fig. 1D). The cells that move in remain close to
the oral surface, causing gradual loss of the blastocoel, first
in oral areas and later in aboral areas. By 25–27 hpf (late
ingression), at least 3/4 of the blastocoel space is occluded
and the blastocoel cavity is only present in the aboralmost
quarter (Fig. 1E).
The blastocoel is completely occluded by 26–28 hpf (Fig.
1F). This solid embryo is the postgastrula. The basement
membrane (which segregates ectoderm from entoderm) has
not yet formed.
How Are Entodermal Cells Produced and Where
Do They Come From?
Cnidarians can gastrulate by ingression (unipolar or mul-
tipolar), invagination (invagination or epiboly), delamina-
tion (syncitial, morula, or blastula delamination), or by
using combinations of these forms of morphogenesis (re-
viewed by Mergner, 1971). During ingression, cells within
an epithelium lose contact with neighboring cells and
FIG. 4. Bar graph shows the number of marked cells that contrib-
uted to the entodermal mass of the postgastrula for each area(s)
marked in the preingression embryo.individually migrate into the blastocoel. During invagina-
© 2001 Elsevier Science. Ation, cells forming the entoderm undergo shape changes
similar to ingressing cells, but the invaginating cells do not
detach from their neighbors. The invaginating cells change
shape simultaneously, buckling part of the blastoderm to
form entoderm. Delamination involves cell division. If a
blastomere undergoes mitotic division with the spindle
oriented perpendicular to the embryo surface, one descen-
dent will remain in the outer layer and the other will enter
the blastocoel to contribute to the entoderm.
To determine which cells contribute to the entodermal
mass of the postgastrula, three methods were used. First,
embryos were examined with scanning and transmission
electron microscopy to verify that cells in the oralmost area
undergo cell shape changes associated with ingression.
Second, cell marking experiments were used to determine
which areas of the preingression embryo contribute to the
entoderm. Finally, gastrulating embryos were stained by
using a tubulin antibody to determine orientation of mi-
totic spindles.
Morphology of oral cells during gastrulation.
Metschnikoff (1886) reported that cell shape changes occur
in the oral cells during gastrulation. He noted that the
apical regions of cells become constricted and the basal
regions expand. Here, his observations are confirmed. Cells
from oral areas of preingression embryos began to exhibit
these cell shape changes approximately 19 hpf. At this
stage, the nuclei of most oral cells were close to the apical
surface, but, in a few oral cells, nuclei begin to shift basally
(Fig. 2B). Oral cells become elongate, and occasionally their
apices constricted (3.7 mm compared to 6.1 mm in other oral
cells, n 5 5 for each) and/or the basal regions became
broader (6.7 mm compared to 5.6 mm in other oral cells, n 5
5 for each) (Figs. 2A and 2B). Up to 17% of the cells in the
oralmost 1/5 of the embryo exhibited this flask-like shape.
After cells entered the blastocoel (starting around 21 hpf),
they subsequently lost their cilia and became amoeboid in
appearance, with filopodia extending up to 17.5 mm in
length (n 5 9).
Similar morphological transformations have been ob-
TABLE 1
Orientation of Mitotic Spindles in the Outermost Cell Layer
of the Embryo
Stage % Parallel % Perpendicular No. scored
Preing (6) 87.3 12.7 42
Early Ing (5) 82.6 17.4 34
Mid Ing (4) 77.2 22.8 33
Late Ing (5) 85.3 14.7 38
Postgast. (7) 78.3 21.7 53
Note. % Parallel and % perpendicular values reflect averages for
all individuals at a given stage. Numbers in parentheses equal
number of embryos evaluated. No. scored is total number of
spindles scored.
ll rights reserved.
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632 C. A. Byrumserved in ingressing cells of other organisms, including the
primary mesenchyme cells of sea urchins (Amemiya, 1989).
Which cells of the preingression embryo contribute to
the entoderm? When individual blastomeres of 16–32 cell
embryos were stained, the preingression stage ended up
being marked in one or two of four areas. These four areas
are area 1 (aboralmost quarter of the embryo), area 2
(aboral–lateral quarter), area 3 (oral–lateral quarter), and
area 4 (oralmost quarter) (Fig. 3). At the end of gastrulation,
a longitudinal section through the center of the embryo was
examined by using confocal microscopy. The number of
marked cells present in the blastocoel was recorded for each
image.
When areas 1 and/or 2 of the preingression embryo were
stained, very few stained cells (2–17) ended up in the
putative entoderm of the early planula (32–37 hpf) (Figs.
3A–3C and 4). On average, 76% of the cells entering the
blastocoel stayed close to the marked area moving less than
two cell lengths away from the marked ectoderm.
When area 3 of the preingression embryo was stained (Fig.
3D), 4–29 marked cells moved into the blastocoel by the
end of gastrulation (average 5 23, n 5 9). Marked cells
which had moved in remained close to the stained area 47%
of the time.
When cells in area 4 were stained (Figs. 3E and 3F), a
significantly larger number of cells (42–75 cells) entered the
blastocoel (Fig. 4) than when areas 1, 2, or 3 were stained
(P , 0.001). Only 8% of the cells stayed near the marked
ectoderm. When marks were very close to the oralmost end
of preingression embryos, large numbers of cells moved into
the blastocoel by postgastrulation, and marked cells re-
maining in the ectoderm shifted orally.
What role does delamination play in gastrulation? To
find out whether the entoderm forms by delamination, the
orientation of mitotic spindles in the outer epithelium of
TABLE 2
Results of the Cell Sorting Experiment
Pattern
Distribution of marked oral cellsa
12–17 hpf 18–24 hpf
% No. aggregates % No. aggr
P 44 4 0 0
PM 0 0 35 7
M 22 2 20 4
PC 33 3 45 9
a In experiments where oral cells were marked, the G-Test of inde
0.05) in 18- to 24-h aggregates than in 12- to 17-h aggregates. Also,
aggregates than in 12- to 17-h aboral aggregates.
b In experiments where aboral cells were marked, the G-Test of
0.05) in 18- to 24-h aggregates than in 12- to 17-h aggregates. A
aggregates than in 18- to 24-h oral aggregates (P 5 0.001). The M p
in 12- to 17-h oral aggregates (P 5 0.5).gastrulating embryos was examined by using tubulin anti-
© 2001 Elsevier Science. Abody. Cells undergo mitosis throughout gastrulation and
continue to divide in the postgastrula. The density of
mitotic spindles on the surface of the embryo ranged from
2.32 to 10.21 spindles per 10,000 mm2 (unweighted average
for all stages 5 4.95 spindles per 10,000 mm2). Cell divisions
occurred in both ectodermal and entodermal cells, but only
cell divisions in the ectoderm were evaluated.
Most ectodermal spindles (.80%) were oriented parallel
to the embryo surface (Table 1). Spindles approximately
perpendicular to the surface were observed less than 23% of
the time (Table 1). Thus, it is clear that cell division
probably accounts for only a small percentage of the inward
movement of entodermal cells. Entodermal cells are pri-
marily produced by ingression, not delamination.
Do the Adhesive Affinities of Cells Change over
the Course of Gastrulation?
The cell marking study demonstrated that at least two
different subpopulations of cells exist in the preingression
embryo: (1) cells from the aboral region which primarily
form the exterior of the postgastrula and (2) cells from the
oral area which become entoderm. Because each subpopu-
lation shows different morphogenetic behaviors during gas-
trulation, one might expect that they would acquire differ-
ent adhesive affinities by postgastrulation. To learn more
about the relative adhesive affinities of these two subpopu-
lations, cell sorting experiments were performed.
The results of the cell sorting experiments are summa-
rized in Tables 2A and 2B. Aggregates exhibited one of four
patterns:
c P (peripheral) pattern: Most stained cells move towards
the outermost surface of the aggregate (Figs. 5A–5C).
c M (mixed) pattern: Stained cells randomly mixed
throughout specimen (Figs. 5D–5F).
Distribution of marked aboral cellsb
12–17 hpf 18–24 hpf
s % No. aggregates % No. aggregates
11 1 69 18
22 2 15 4
56 5 15 4
11 1 0 0
ence showed that the PM/PC pattern was significantly higher (P 5
C pattern was significantly higher (P 5 0.001) in 18- to 24-h oral
pendence showed that the P pattern was significantly higher (P 5
he P pattern was significantly higher in stage 18- to 24-h aboral
n in 12- to 17-h aboral aggregates was not significantly higher thanegate
pend
the P
inde
lso, tc PM (peripheral/mixed) pattern: Stained cells accumu-
ll rights reserved.
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633Gastrulation by Unipolar Ingression in Phialidiumlate at the periphery of the aggregate, but are also mixed
throughout the aggregate (Figs. 5G–5I).
c PC (peripheral/central) pattern: Stained cells accumu-
late both at the periphery and towards the center. A distinct
unstained area exists between external stained cells and
internal stained cells (Figs. 5J–5L).
The results for aggregates containing stained aboral cells
tended to be more clearcut than those for aggregates made
with stained oral cells. This is probably because the oral cell
population contains both putative entodermal and ectoder-
mal cells, whereas the aboral cell population is more
homogeneous, primarily composed of putative ectodermal
cells. Since oral and aboral cell populations differ in this
way, aggregates made with stained oral cells (Table 2A)
were evaluated separately from those made with stained
aboral cells (Table 2B). Because results for embryos dis-
sected between 12 and 17 hpf (“12- to 17-h aggregates”)
differed from those of embryos dissected between 18 and 24
hpf (“18- to 24-h aggregates”), these groups were also
analyzed separately.
In 18- to 24-h aggregates, cell sorting clearly took place.
FIG. 5. Aggregate classification scheme and representative examp
P, M, PM, and PC patterns, respectively. Stained cells appear in bla
localized at the periphery (P). (C) 14 hpf, oral cells stained (P pattern
aggregate (M). (F) 23/24 hpf, oral cells stained (M pattern). (H) 16/1
but also mixed throughout the center (PM). (I) 18 hpf, oral cells stain
of the aggregate, but also accumulate at periphery (PC). (L) 20 hpf,This was especially apparent in aggregates with marked
© 2001 Elsevier Science. Aaboral cells. In 69% (18/26), stained aboral cells accumu-
lated at the periphery of the aggregate, indicating that the
aboral cells were less cohesive than some of the oral cells
after gastrulation is complete.
In 18- to 24-h aggregates with marked oral cells, stained
oral cells accumulated both at the periphery and towards
the center of the aggregate (PC). This conformation was
observed more frequently (45% of all cases, 9/20) than any
other pattern. Since oral ectoderm of a postgastrula prob-
ably has cohesive properties similar to aboral ectoderm, the
more cohesive cells in PC aggregates are probably putative
entodermal cells and those at the periphery are putative
ectodermal cells.
Many of the 18- to 24-h aggregates exhibited the PM
pattern. This pattern was found in cases with marked oral
cells (35%, 7/20) and in cases with marked aboral cells
(15%, 4/26). One might expect to see this pattern because
aggregates must pass through the PM conformation to form
either P or PC patterns. Cell sorting may be incomplete in
PM individuals because there was either not enough time to
complete sorting or because cells were damaged during the
A, D, G, J) Reviews the aggregate classification scheme. These are
nstained cells are gray. (B) 23 hpf, aboral cells stained. Stained cells
12/13 hpf, aboral cells stained. Stained cells mixed throughout the
, aboral cells stained. Stained cells accumulating at the periphery,
M). (K) 20 hpf, oral cells stained. Stained cells group towards center
aggregate (PC pattern). Scale bar for all photos, 50 mm.les. (
ck, u
). (E)
7 hpf
ed (Pexperiment.
ll rights reserved.
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sorting was much less common. In 56% of these cases (5/9),
cells were randomly mixed within the aggregate (M). This
was the only pattern observed when 12- to 15-h embryos
(4/4) were used to make the aggregate, but it was seen less
frequently when older embryos were used (1/5). This sug-
gests that, by postgastrulation, oral cells in 12- to 17-h
aggregates developed cohesive strengths comparable to
those of the aboral cell population. All four patterns were
seen in 16- to 17-h aggregates, thus hours 16–17 seem to be
a period of transition between patterns seen at the blastula
stage and those observed in gastrulating embryos.
In 12- to 17-h aggregates with marked oral cells, results
were less clear. It was expected that oral cells would be
mixed throughout the aggregate, but only two of nine
aggregates exhibited this pattern. These two were made
with 16- to 17-h embryos, not 12- to 15-h embryos. The
other patterns observed were PC and P. Three of nine
aggregates (all from 16- to 17-h embryos) had the PC
pattern, the same pattern common in 18- to 24-h aggregates.
Since hours 16–17 seemed to be a transitional period in
cases where the aboral cells were marked, it may be that
three of the aggregates with marked oral cells are already
behaving like those made with 18- to 24-h embryos. The
remaining 12- to 17-h aggregates with marked oral cells
(4/9) had the P pattern. In three of the four instances, only
a few stained cells were present and their peripheral local-
ization may have been a chance event.
During development, cohesive capacity of oral cells
clearly increases relative to that of aboral cells. These
changes in adhesive capacity contribute to the ability of the
entoderm to form a tissue layer distinct from the ectoderm.
How Does the Shape of the Embryo Change during
Gastrulation?
How do embryo length and width change during gas-
trulation? To better understand the gastrulation process,
it was necessary to determine how overall shape of the
embryo changed throughout gastrulation. Over the course
of unipolar ingression, embryos became more streamlined.
This is caused primarily by a decrease in embryo width (Fig.
6A). Postgastrulae were 3.3–15.7% shorter than preingres-
sion embryos, and on average decreased in length by 9.2%.
Statistical testing showed that this change in length was
significant (P 5 0.0005). Embryos decreased in width (Fig.
6A) by an average of 26.4% between preingression and
postgastrulation (significant at P , 0.0001, range 5 20.8–
33.2%).
How does the volume of the embryo change during
gastrulation? Embryo volume and cell mass also de-
creased as gastrulation proceeded (Fig. 6B). In Phialidium,
average postgastrula embryo volume was 50.6% smaller
than that of the preingression embryo (range 5 42.6–56.6%)
(significant at P , 0.0001). The reduction in embryo volume
can be attributed to two things: loss of blastocoel space and
decrease in cell mass. Estimates of cell mass were 4.5–
© 2001 Elsevier Science. A20.9% (average 5 13.2%) lower for postgastrulae than for
preingression embryos. This reduction in cell volume was
significant at P 5 0.006, and may be caused by either the
expulsion of vesicle contents or by cell death. Further
investigation will be necessary to determine the cause.
During gastrulation, the blastocoel space becomes com-
pletely occluded. Cells filling the blastocoel moved in from
the exterior of the embryo. If no change in cell mass
occurred, one would predict that the decrease in blastocoel
volume (preingression blastocoel volume 2 postgastrula
blastocoel volume) would equal the decrease in total em-
bryo volume (preingression embryo volume 2 postgastrula
embryo volume). Comparison of these values showed that
change in embryo volume was always greater than change
in blastocoel volume. Therefore, loss of the blastocoel alone
is not sufficient to explain the reduction in total embryo
volume.
What percent of the cell volume enters the blastocoel?
To determine the percentage of cells entering the blasto-
FIG. 6. (A) Percent change in length (black line) and width (white
line) of embryos during gastrulation (calculated as a percentage of
total length or width at the preingression stage). Stages are approxi-
mately 1 h apart. (B) Change in embryo volume and cell volume
(embryo volume 2 blastocoel volume) over the course of gastrula-
tion. The values used to generate this graph represent averages of
the batch means. Black solid line, embryo volume; gray solid line,
cell volume; dashed line, cell volume held constant to preingres-
sion volume for comparison. Error bars indicate standard error.coel, photos of postgastrulae from the cell marking experi-
ll rights reserved.
635Gastrulation by Unipolar Ingression in Phialidiumments were used. The images selected had large portions of
either entoderm or ectoderm clearly labeled.
Eleven cases were evaluated. In seven instances, it was
possible to estimate the entodermal and embryo volumes
for both right and left halves of the photo, but in four cases,
the distinction between cell layers was only obvious on one
side. In those four cases, volumes were estimated using
only the left or right half of the photo. Entodermal mass
comprised 26.0–48.3% of the embryo (mean 5 34.4%,
standard error 5 2.65).
How Do Putative Ectodermal Cells Behave in
Phialidium during Gastrulation?
Does cell thickness change during gastrulation? Dur-
ing morphogenesis, an embryo can change its outward
appearance by changing the shapes of cells in different
areas. The apical–basal heights of cells were measured in
aboral, aboral–lateral, lateral, oral–lateral, and oral areas of
each embryo (Figs. 7A and 7B).
During gastrulation, mean heights of oral cells decreased
from 47.5 mm in preingression embryos to 28.6 mm in
FIG. 7. (A) Measurement of apical–basal cell heights. The aboralm
measured for oral heights (o). A perpendicular line halfway betwe
Lines perpendicular to the oral–aboral line intersected aboral–lat
oral–lateral cells (ol) at 3/4 embryo length. (B) Changes in apical–b
upper left is a preingression embryo, and photo at lower right is a la
cells are greater in late ingression embryos than in preingression em
means. Error bars indicate standard error. Squares, aboral cells; d
oral–lateral cells; black diamonds, oral cells.postgastrulae. The same trend was observed in oral–lateral
© 2001 Elsevier Science. Acells; 34.3 mm in preingression embryos to 28.9 mm in
postgastrulae. Because putative entodermal cells are de-
rived from the oral and oral–lateral areas, changes in oral
and oral–lateral cell height are partially the result of shift-
ing of cell populations in this region.
Cells occupying lateral, aboral–lateral, and aboral posi-
tions tended to increase in apical–basal height as develop-
ment proceeded. This was more evident in aboral and
aboral–lateral cells than in lateral cells. Mean lateral cell
height for preingression embryos was 21.4 mm, and, by
postgastrulation, this had increased to 27.7 mm. Aboral–
lateral cell heights increased from 18.9 mm in preingression
embryos to 30.7 mm in postgastrulae, and aboral cell heights
increased significantly (P , 0.0001) from 20.6 mm in prein-
gression embryos to 34.0 mm in postgastrulae.
How do exterior cell populations behave during gastru-
lation? To better understand how putative ectodermal
cells behave during gastrulation, marked cell populations
were compared in late preingression and postgastrula em-
bryos. Stained areas were categorized as aboral/aboral–
lateral, midlateral, or oral/oral–lateral (Fig. 8A), and vid-
eography was used to record mark size and shape at late
point was measured for aboral heights (a), and oralmost point was
almost and aboralmost points defined lateral cell populations (l).
cells (al) at 1/4 total embryo length from aboralmost point and
heights of cells at different stages of unipolar ingression. Photo at
gression embryo. Apical–basal heights of aboral and aboral–lateral
s. Values used to generate this graph represent the averages of batch
d line, aboral–lateral cells; circles, lateral cells; white diamonds,ost
en or
eral
asal
te in
bryo
ashepreingression and postgastrulation in each embryo.
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636 C. A. ByrumTwenty-two cases were analyzed. In these, marked areas
were proximal to the aboral region in eight cases, near the
oral area in eight cases, and close to the midlateral area in
six cases. To evaluate each case, images were oriented such
FIG. 8. In the cell behavior experiments, embryos marked with D
postgastrulation. These data were used to learn more about change
cells were categorized as belonging to one of three regions: aboral/a
behavior results. Top two pictures show two developmental stag
aboral–lateral area. In such cases, marks decreased in area during de
stages in an embryo stained in the oral–lateral region. Here the mark
or shape.
TABLE 3
Changes in Shape of Marked Areas between Late Preingression an
Mark location Change in lengtha Change i
Aboral (n 5 8) 0.92* 0.
(0.80–1.00)** (0.78–
Mid (n 5 6) 1.21 0.
(1.00–1.45) (0.59–
Oral (n 5 8) 1.20 0.
(0.88–1.44) (0.49–
*, Average. **, range.
a Maximal length of mark in postgastrula/maximal length of ma
b Maximal width of mark in postgastrula/maximal width of mar
c Area of mark in postgastrula/area of mark in late preingression emb
d L:W ratio of mark in postgastrula/L:W ratio of mark in late preingr
© 2001 Elsevier Science. Athat a nearly flat view of the entire marked region could be
measured. Maximum length, maximum width, area, and
length to width ratio were determined for each marked
region (Table 3).
t the 16- to 32-cell stage were videotaped at late preingression and
curring on the exterior surface of the embryo. (A) Marked exterior
l–lateral, midlateral, or oral/oral–lateral. (B) An example of the cell
ate preingression and postgastrula) in an embryo marked in the
ment, but did not change shape. Lower images show the same two
ame longer and thinner, indicating that cells either change position
tgastrulation
dthb Change in areac Change in L:W ratiod
0.79 1.00
) (0.59–1.08) (0.81–1.15)
0.91 1.70
) (0.80–1.12) (1.28–2.48)
0.72 1.90
) (0.58–0.84) (0.92–3.03)
late preingression embryo.
late preingression embryo.i-I a
s oc
bora
es (l
velop
becd Pos
n wi
94
1.20
73
0.89
68
0.95
rk in
k inryo.
ession embryo.
ll rights reserved.
637Gastrulation by Unipolar Ingression in PhialidiumWhen aboral sites were stained (Table 3 and Fig. 8B), the
marked region usually decreased in area (7/8 cases) as
gastrulation proceeded. On average, area of the postgastrula
mark was 21% smaller than at late preingression. Changes
in area were probably caused by an increase in aboral cell
height. Mark shape did not change much and was similar in
both preingression and postgastrulation. Change in length
to width ratio ranged from 219 to 1 15%, with a mean of
0% change. Mark length decreased slightly in seven of eight
aboral cases, and was, on average, 8% shorter in postgastru-
lae than at late preingression. The width of marked areas
also decreased slightly in five of eight cases, averaging 6%
less in postgastrulae than in late preingression embryos.
In cases where the mark was midlateral (Table 3), mark
area decreased less than it had in aboral regions. Area of
midlateral marks in postgastrulae was 9% smaller than at
late preingression. Unlike aboral marks, midlateral marks
usually lengthened (5/6) with a mean increase in mark
length of 121%. Maximal width of midlateral marks al-
ways decreased (6/6) (average decrease 5 27%), and marks
tended to become longer and thinner (average change in the
length to width ratio 170%, ranging from 128 to 1148%).
Finally, in eight cases, cells close to the oral region were
stained (Fig. 8B and Table 3). During gastrulation, these
areas often became longer and thinner, and they decreased
in overall area (area of postgastrula marks averaged 28%
less than at preingression). At the end of gastrulation,
marks were 20% longer, on average, than at late preingres-
sion (length increased in 6/8 cases). In all cases, maximal
width decreased, averaging 32% less than at late preingres-
sion, and length to width ratios [average 1 90%, ranging
from 28% (a case where many cells had ingressed) to
1203%] increased more than in any other region. Thus,
cells in the oral area are either changing position or chang-
ing shape to make this region narrower. This ultimately
results in a decrease in embryo width accompanied by an
increase in embryo length.
As a cell changes from cuboidal to columnar, percent
surface area exposed to the exterior decreases. If one thinks
of these cells as cylinders, it is possible to estimate the
change in surface area that would occur as apical–basal cell
height increased or decreased. The equation of a cylinder
can be modified to estimate percent change in cell surface
area exposed to the exterior. This would equal:
@~L1/L2! 2 1# 3 100 [1]
where L1 is the original apical–basal cell height and L2 is the
new apical–basal cell height. Expected change in surface
area was calculated for each videotaped cell population.
The observed mean decrease in mark area from aboral/
aboral–lateral regions was 21%. Using the equation above,
expected change in surface area of aboral–lateral cells (be-
tween the late preingression and postgastrula stage) was
17%. This value is within a reasonable range of the ob-
served value. Thus, changes in aboral/aboral–lateral mark
area could be accounted for by changes in cell heights.
© 2001 Elsevier Science. ASimilar conclusions were drawn for cells in the midlat-
eral regions. Here, mean decrease in mark area was 9% and
calculated change in exterior surface area due to cell shape
changes was an 11% decrease. It is probable that changes in
midlateral mark area were caused by changes in cell shape
accompanied by shifts in cell position.
When this analysis was done on marks from oral/oral–
lateral areas, results were quite different. In the marking
study, oral/oral–lateral marks decreased in area by 28%. If
cell shape changes were responsible for mark behavior, one
would expect the marks to increase by 37%. Obviously, cell
shape changes do not explain the decrease in oral/oral–
lateral area observed in the marking study.
DISCUSSION
A summary of the major developmental phases associ-
ated with unipolar ingression is presented in Fig. 9A, i–iv.
At approximately 16 hpf, the coeloblastula of Phialidium
(Fig. 9A, i) transforms into the preingression embryo (Fig.
9A, ii). Cells at the future oral end become more columnar,
and the embryo elongates. The preingression period lasts for
5–6 h, during which time the embryo prepares for the more
active phase of gastrulation, the ingression phase. Ultra-
structural investigation revealed that, during later stages of
preingression, cells at the oral end become more flask-like
in shape and a few start to enter the blastocoel.
When active gastrulation begins (22–23 hpf), entodermal
cells start to accumulate in the blastocoel. Previous inves-
tigators studying unipolar ingression reported that cells
move into the blastocoel from the thickened oral area of the
preingression stage embryo (Metschnikoff, 1886; Claus,
1883; Mergner, 1971; Tardent, 1978). These conclusions
were based solely on observation of living or fixed embryos
using light microscopy, not cell tracing experiments.
Here, cells were marked to determine which areas of the
preingression embryo form entoderm in the postgastrula. If
previous investigators were correct, then putative entoder-
mal cells would enter the blastocoel from the thickened
oral area (Fig. 10A). In this model, oralmost cells would
always move into the blastocoel first: “1s” move in, then
“2s,” next “3s,” and so forth. A second possibility is that
cells enter the blastocoel from multiple locations, but they
enter at different times (Fig. 10B). Cells in the oral area
(“T1”) ingress during early gastrulation, cells from lateral
regions enter later (“T2”, then “T3”), and cells from aboral
regions move in last (“T4”).
The cell marking experiments showed that neither of
these models adequately describes gastrulation in Phia-
lidium gregarium. Rather, most cells forming the entoder-
mal mass come from the oral region, but a few cells also
enter from lateral and aboral regions of the preingression
embryo (Fig. 10C). Unlike the oral cells, the few aboral cells
moving into the blastocoel seldom migrate far from their
area of origin.Do cells move in by ingression, delamination, or invagi-
ll rights reserved.
638 C. A. ByrumFIG. 9. A summary of gastrulation in Phialidium gregarium. (A) Stages of gastrulation. i, Blastula; ii, preingression embryo; iii, late
ingression embryo; iv, postgastrula. Note changes in cell shape. (B) Cell shape changes in aboral–lateral regions can cause a decrease in
embryo width. Cross sections of the aboral-lateral regions are shown for preingression (A, ii) and late ingression (A, iii) embryos (sectioned
area denoted by red lines in Fig. 10A, ii and iii). The same number of cells are present in both stages, but as cells become more columnar
(late ingression), a smaller portion of the cell is exposed to the exterior, resulting in a decrease in embryo width. (C) Cells commonly enter
the blastocoel by ingression (migration of the entire cell into the blastocoel) or, less often, by delamination (cell divisions perpendicular to
the external surface). D) Observation of the surface of the embryo shows that cells in oral, oral-lateral, and midlateral regions tend to shift
such that the marked areas become longer and thinner over the course of gastrulation. Some cells in oral and oral–lateral areas also move
into the blastocoel.
© 2001 Elsevier Science. All rights reserved.
639Gastrulation by Unipolar Ingression in Phialidiumnation? Based on ultrastructural observations and marking
experiments, it is clear that ingression is the primary mode
of gastrulation in Phialidium. Shape changes typical of
ingressing cells were observed, and, in marking experi-
ments, stained oral cells moved into the blastocoel in a way
consistent with unipolar ingression. If entoderm formed
primarily by delamination, marked exterior oral and oral–
lateral areas would not have decreased in size as much as
they did. Also, one would expect more mitotic spindles to
be oriented perpendicular to the embryo surface than was
observed. Because some spindles were perpendicular, it is
likely that small amounts of delamination occur in addition
to ingression. It may be that delamination was responsible
for production of the marked cells seen in more lateral and
aboral areas.
It would be interesting to find out whether other species
gastrulating by unipolar ingression also undergo low levels
of delamination. Metschnikoff believed that the earliest
cnidarians were capable of both delamination and ingres-
sion. This may be true within the Leptomedusae. Many
basal groups in this clade gastrulate by unipolar ingression
or mixed delamination (in which both ingression and de-
lamination play important roles in formation of the ento-
derm). If low levels of delamination occur in forms gastru-
lating by unipolar ingression, these forms may have easily
evolved into species that gastrulated by delamination.
Closer examination of gastrulation in the Leptomedusae
and expansion of the phylogenies will be necessary to
determine whether this is a valid hypothesis.
The cell sorting experiments of this paper showed that,
by postgastrulation, cells from oral regions of the preingres-
sion embryo acquire higher adhesive affinities than those
from aboral regions of the preingression embryo. This
FIG. 10. Models of unipolar ingression. (A) Model I: putative
entodermal cells are all derived from oral regions of the embryo. (B)
Model II: Cells enter the blastocoel from several areas of the
embryo, but enter at different times. (C) Model III (representing
gastrulation in Phialidium gregarium): Most cells contributing to
the entoderm come from oral areas. A few cells also enter from
lateral and aboral areas. Numbers indicate the order in which
ingressing cells move into the blastocoel.conclusion is based on the findings of Steinberg and others
© 2001 Elsevier Science. A(Steinberg, 1962, 1970, 1996, 1998; Steinberg and Takeichi,
1994; Davis et al., 1997). These investigators showed that
cells differing in adhesive affinity occupy predictable loca-
tions when mixed together in an aggregate. Because cells
move within aggregates, those with higher adhesive affini-
ties first form small islands within the aggregate, and, if
their adhesive affinities are different enough, later assemble
into a distinct central group of cells.
In the cell sorting experiments described here, the ability
of oral cells in the preingression stage to gain higher
adhesive affinity by postgastrulation appears to be specified
sometime between the late blastula and early preingression
stages (observable differences in adhesive affinity occur at a
later time). When early blastulae were used to perform the
experiments, cell sorting did not occur. Instead, both cell
populations seemed to have similar adhesive affinities (and,
thus, the conclusion that specification had not taken place).
Over the course of gastrulation, embryo shape becomes
more streamlined. Factors thought to be responsible for this
shape change include: (1) movement of cells from the
blastoderm into the blastocoel, (2) reduction in total cell
mass caused by either cell death or expulsion of vesicle
contents, (3) shape changes of individual cells, and (4)
shifting of cell position in oral or oral–lateral areas.
Cell shape changes occur throughout the embryo. In the
morphometric analysis, aboral, aboral–lateral, and midlat-
eral cells became more columnar as gastrulation proceeded.
The cuboidal to columnar transformations of aboral or
aboral–lateral cells (and, to a lesser extent, lateral cells)
probably: (1) facilitate the collapse of blastocoel space in
aboral areas of the embryo, (2) decrease embryo width, and
(3) decrease embryo length (which may be counteracted by
the shifting of oral and oral–lateral cells toward the embryo
midline).
Cells occupying oral and oral–lateral positions decrease
in apical–basal height as gastrulation proceeds. As oral cells
enter the blastocoel, cells aboral to these shift orally.
Oralmost cells of the postgastrula were probably oral–
lateral cells in the preingression embryo (based on the first
cell marking study). Oral cells in the postgastrula tend to be
shorter than oral–lateral cells of the preingression embryo
and it is possible that these cells become slightly more
cuboidal as they shift to a more oral position.
Another factor that may contribute to changes in the
overall embryo shape is the shifting of ectodermal cells
towards the midline of the embryo. In the cell behavior
experiments, when cells from oral, oral–lateral, and lateral
regions were marked and observed, it was found that the
length to width ratio of the marked area increased as
gastrulation progressed. It is hypothesized that these cells
shift in response to tensions created during gastrulation.
Beloussov et al. (2000) showed that cells in the animal cap
of frog embryos respond to tension by undergoing both
horizontal and vertical intercalation. Cells migrating into
the blastocoel at the oral end could create tension at this
site, and reduction of cell surface area at the aboral end of
the embryo could generate tension near the aboral end.
ll rights reserved.
640 C. A. ByrumCells in lateral, oral–lateral, and oral areas may respond to
these tensions by shifting towards the midline of the mark
(the area where the tension is greatest). This shifting would
decrease overall embryo width and would help maintain
embryo length over the course of gastrulation. Alterna-
tively, lengthening of marks may be caused by a loss of cells
to the entoderm (or by cell death) accompanied by elonga-
tion of putative ectodermal cells along the oral–aboral axis.
This change in the length to width ratio would cause
lengthening of the embryo in oral and oral–lateral areas.
It is hoped that this paper will increase understanding of
the cellular activities taking place during “unipolar ingres-
sion.” Familiarity with these activities should be useful to
those studying the molecular pathways controlling cnidar-
ian gastrulation and to individuals interested in compara-
tive aspects of cnidarian development.
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